ABSTRACT Using electrical penetration graph, salivary ßange, and honeydew measurement, this study investigated the effects of feeding-induced intra-and interspeciÞc interactions on feeding behavior and honeydew excretion of brown planthopper (Nilaparvata lugens) compared with small brown planthopper (Laodelphax striatellus). Results showed that many measures of feeding behavior were affected by feeding-induced intra-and interspeciÞc interactions on two different rice varieties. There were signiÞcantly fewer salivary ßanges for both brown planthopper and small brown planthopper on rice plants with feeding-induced conspeciÞc or heterospeciÞc effects than on relevant control plants. In contrast, only small brown planthopper on rice plants with feeding-induced heterospeciÞc effects had signiÞcantly fewer salivary ßanges than those with feeding-induced conspeciÞc effects. The mean durations of pathway activities per insect and mean durations from Þrst probe to Þrst sustained phloem ingestion for small brown planthopper were signiÞcantly shorter, whereas the mean duration per insect of phloem ingestion was signiÞcantly longer, on rice plants with feeding-induced heterospeciÞc effects than those on relevant control plants, as well as rice plants with feeding-induced conspeciÞc effects. Honeydew weights of small brown planthopper were signiÞ-cantly increased by the induced heterospeciÞc effect. Thus, all results indicated indirect, asymmetrical, facilitative effects of induced interspeciÞc interactions on the feeding behavior and honeydew weight for small brown planthopper on both varieties. These Þndings are consistent with the previously documented asymmetrical effects on performance, with more beneÞts to small brown planthopper from brown planthopper indirectly. The change of nutrient and induced allelochemistry in host plant probably underlies these facilitative effects.
The brown planthopper (Nilaparvata lugens (Stål)), white-backed planthopper (Sogotalla furcifera (Horváth)), and small brown planthopper (Laodelphax striatellus (Fallé n)) have been the most destructive insect pests in rice ecosystems in southeastern and eastern Asia sequentially since the 1960s, and in recent decades, have begun to co-occur in a given cropping season in eastern Asia. In some areas of China, all three species can often cause serious yield losses by sucking sap of rice plants (directly) and transmitting virus diseases (indirectly), even simultaneously in the same Þelds (Catindig et al. 2009 , Cheng 2009 , Bottrell and Shoenly 2012 .
Interactions between planthoppers and rice plants have been extensively studied, leading researchers to conclude that host plant resistance should be a valuable tool in the management of rice planthoppers. Therefore, a series of screening methods, including the standard seedbox screening test and the modiÞed seedbox screening test, have been developed to measure host plant resistance to rice planthoppers (Horgan 2009 ). The majority of these studies conÞrm that antifeeding mechanisms underlie resistance in most modern rice varieties. Consequently, many studies have examined feeding behavioral responses of planthoppers by using a combination of electrical penetration graph (EPG) technology and the weight of honeydew, as indicators of resistance (Khan and Saxena 1988 , Kimmins 1989 , Cook and Denno 1994 , Hattori 2003 , Backus et al. 2005 , Alagar et al. 2008 , Seo et al. 2010 , Ghaffar et al. 2011 ). These methods have been especially useful for rapid, high-throughput, and inexpensive screening of the necessarily large amounts of materials. However, results from these methods usually indicate relative resistance levels of the testing varieties toward individual planthopper species, under experimental conditions (Horgan 2009) , not combinations of species.
Although multiple interactions among herbivores and their host plants in an agroecosystem could be linked through plant-based food chains, many studies focus on single interactions of one insect on one plant species. In addition, resistance evaluation of rice varieties to planthoppers is also often carried out under artiÞcial experimental conditions. This is despite the fact that all three rice planthoppers have similar ecological traits, ingest phloem sap, and excrete honeydew on the host. The developmental patterns and peak times of the three planthopper populations in Þelds are variable, yet populations coexist and interact through their common host plants (Cheng 2009 ). Studies on interspeciÞc interactions among planthopper species suggest that the responses of one planthopper species to a particular rice variety can be affected by the presence of other planthopper species. For example, direct induced interactions between low-density populations of brown planthopper and white-backed planthopper, as well as between brown planthopper and small brown planthopper, show positive effects that are asymmetrical. The positive effects include shorter development time, higher survival rate, prolonged longevity of female adults, or higher fecundity; these effects are especially seen when brown planthopper coexists with either white-backed planthopper or small brown planthopper (Ma and Hu 1996; Wang et al. 1998a,b; Cheng et al. 2001; Lv et al. 2011; Wang et al. 2012) . Therefore, prescreening and cultivar selection by using only a single species of planthopper (i.e., via the standard seedbox screening test or modiÞed seedbox screening test) might cause an overall bias in the test results (Horgan 2009) .
In this study, a series of laboratory experiments were designed to examine the interactive effects of feeding-induced inter-and intraspeciÞc interactions on feeding behavior and honeydew excretion between brown planthopper and small brown planthopper sharing the same host plants. We also wished to explore the relationship between basic ecological information and planthopper management. The objectives were: 1) to understand the relationship among feeding-induced inter-or intraspeciÞc interactions and planthopper feeding behavior and honeydew excretion by brown planthopper and small brown planthopper, 2) to explore the possible mechanisms for the asymmetrical interspeciÞc facilitative effects on performances between brown planthopper and small brown planthopper from point of view of feeding behavior, and 3) to provide additional information for predicting population development patterns and improving evaluation techniques of variety resistance to all three species of rice planthoppers.
In addition, a major objective of this article was to compare results from this study with those from a similar previous study of brown planthopper and white-backed planthopper . To facilitate a side-by-side comparison of the two articles simultaneously, we used a nearly identical format for the Results sections in each article. A reader can directly compare the similar language in each article, to readily grasp the similarities and differences between the two studies.
Materials and Methods
Methods were nearly identical to those of Cao et al. (2013) . Therefore, only a brief summary is provided herein. For more details, see the article by Cao et al. (2013) .
Experimental Insects. Field-collected insects were reared in controlled environmental chambers on rice seedlings of susceptible varieties, ÔTN1Õ for brown planthopper and ÔXiushui 110Õ for small brown planthopper, for 10 generations. Third-to fourth-instar nymphs were used for pretest treatments, and newly emerged (2 d after eclosion) macropterous females were used for EPG experiments.
Host Plants. Two rice varieties widely used in the area were selected for the experiment: a japonica variety, ÔXiushui 11Õ, which is susceptible to brown planthopper and small brown planthopper, and an indica hybrid variety, ÔShanyou 63Õ, which displays medium resistance to brown planthopper and small brown planthopper (Liu et al. 2007a , Chen et al. 2009 ). Hydroponic rice culture was used in the experiment to avoid variation in nutrients in the host plants, as described . All the rice plants were cultured without any infestation from planthoppers.
A 3 by 2 by 2 factorial experimental design was used. The three factors were: 1) pretest treatments of the host plants; 2) host plant varieties (Shanyou 63 and Xiushui 11), and 3) test infestation by adult planthoppers from two species (brown planthopper and small brown planthopper). The three levels of the Þrst factor, pretest treatment of the host plants, included: 1) control plant (without any infestation by any planthopper species), 2) one plant being fed on by 10 brown planthopper nymphs for 4 d before use as brown planthopper pretest infested plants, and 3) another plant being fed on by 10 small brown planthopper nymphs for 4 d before use as small brown planthopper pretest infested plants. In the case of aforementioned pretest levels 2 and 3, the number of planthoppers per plant was checked daily, and insects were added to maintain the same effect. When all treatments from the three factors were combined, there were 12 treatments in all. From an ecological point of view, both induced intraspeciÞc and induced interspeciÞc interactions were compared with control plants for each combination of planthopper species and host plant variety. Each test for salivary ßange quantiÞcation, EPG, and honeydew analysis was replicated 25 times at least.
Salivary Flange Quantification. For pretest treatments before the experiment, plants were infested with planthoppers nymphs at the bottom of the host plant. After nymphs were removed, adults were released onto the plants, one insect per plant, and kept at the upper part of the plant. Then the leaf sheaths were cut and immersed into 0.1% (w:v) crystal violet for 10 Ð15 min, and the numbers of salivary ßanges (coagulable salivary deposits secreted by the feeding planthopper while pressing the labial tip onto the plant epidermis before the insertion of stylets) were counted under a stereomicroscope (Motic K Series, Motic China Group Co. Ltd., Xiamen, China).
EPG Recording of Feeding. The Direct Current (DC)-EPG (Giga 8; Wageningen Agricultural University, Wageningen, The Netherlands) and relevant methods were used to determine the feeding behavior of brown planthopper and small brown planthopper on various host plants (Seo et al. 2009 . A randomized incomplete block design was used in the experiment. The 12 treatments for each replicate were randomly arranged, and six treatments were chosen each day to record feeding behavior. Before EPG recording, the pretest treatment plants were prepared as previously described. Then, adult planthoppers were attached to gold wire tethers, as described in the article by Cao et al. (2013) . Wired planthoppers were then recorded on a leaf sheath of the pretest treatment plants, one female for each seedling for 6 h under continuous light. The PROBE 3.4 software (Wageningen Agricultural University, Wageningen, The Netherlands) was used to record and analyze EPG output signals.
According to the relative voltage level, amplitude, shape, and frequency of the EPG waveforms, the output signals from EPG recordings were classiÞed into seven typical waveforms associated with known stylet penetration behaviors of rice planthoppers (Seo et al. 2009 ), because the EPG waveforms of brown planthopper and small brown planthopper are similar (He et al. 2011) . The waveforms used in this experiment included NP for nonpenetration, N1 ϩ N2 ϩ N3 (N1: penetration initiation, N2: salivation and stylet movement, N3: extracellular activity near the phloem) for pathway duration, N4-a for intracellular activity in the phloem (putative phloem salivation), N4-b for phloem sap ingestion (all N4 being considered the duration of phloem phase), and N5 for stylets in the xylem tissue. The duration of each sequential waveform event for each insect was measured, and the average waveform duration per insect (WDI, in minutes) for each waveform was calculated for each treatment (Backus et al. 2007 ). Another variable used in this experiment was the duration from the beginning of the Þrst probe to Þrst sustained phloem ingestion (N4-b Ͼ10 min).
Honeydew Measurement. In this experiment, one adult planthopper was wrapped with a special paraÞlm bag and placed on each plant; bagged insects were kept for 24 h in a controlled environmental chamber. The paraÞlm bags were weighed before and after feeding, as previously described . Average weight per insect (milligrams) was calculated for each treatment (Liu et al. 2003) .
Data Analysis. A conventional three-way analysis of variance was performed, comparing planthopper species (brown planthopper and small brown planthopper), host plant variety (Xiushui 11 and Shanyou 63), and pretest treatment of the plants (control, brown planthopper-infested, and small brown planthopperinfested), followed by least signiÞcant difference (LSD) for multiple pairwise comparisons among the three pretest treatments for each combination of planthopper species and rice variety. Statistical analyses were conducted with Data Processing System (DPS) software (Tang and Zhang 2012) . Data were not transformed before analysis. Results were deemed signiÞ-cantly different at ␣ ϭ 0.05; henceforth simply stated as different, shorter, longer, etc.
Results

Effects of Treatments on Salivary Flanges.
The numbers of salivary ßanges of brown planthopper and small brown planthopper on plants pretest fed on by brown planthopper or small brown planthopper (for each combination of planthopper species and rice variety) were lower than the number on relevant control plants (F ϭ 27.22; df ϭ 2,288; P Ͻ 0.0001; Fig.  1 ). Thus, induced intra-and interspeciÞc interactions reduced the numbers of salivary ßanges and accelerated the stylet probing process for both brown planthopper and small brown planthopper. The numbers of salivary ßanges also were nearly twice as great (85% more) for test small brown planthopper than for test brown planthopper (F ϭ 137.8; df ϭ 1,288; P Ͻ 0.0001). Although the test planthopper species signiÞcantly interacted with pretest treatments of host plants (F ϭ 8.12; df ϭ 2,288; P ϭ 0.0004), only the numbers of salivary ßanges of test small brown planthopper were different among all three pretest treatments on both varieties. The numbers of salivary ßanges of test small brown planthopper on host plants pretest fed on by brown planthopper were 73% fewer than those of test small brown planthopper on host plants pretest fed on by small brown planthopper, which in turn were 79% fewer than those of test small brown planthopper fed on relevant control plants for both rice varieties (Fig.  1) . Therefore, there were differences between the induced intra-and interspeciÞc effects (deÞned in Fig. 1 ) for each combination of planthopper species and variety for small brown planthopper, but not for brown planthopper. This Þnding indicates that facilitation of stylet probing was asymmetrical, and small brown planthopper received more beneÞt in stylet probing from feeding-induced heterospeciÞc effects by brown planthopper, compared with the reverse.
Effects of Treatments on EPG Recordings. Figure 2 shows the average durations per insect (WDI) of the Þve waveforms related to feeding behavior for various treatments. Analysis results of the Þve waveforms are described in the following text, starting with analysis of variance results (when signiÞcant), followed by LSD test among treatments.
Nonpenetration. The WDIs for nonpenetration (NP) were different between the test planthopper species (F ϭ 55.21; df ϭ 1,316; P Ͻ 0.0001), but not between rice varieties (F ϭ 1.67; df ϭ 1,316; P ϭ 0.20) or among pretest treatments of host plants (F ϭ 1.85; df ϭ 2,316; P ϭ 0.16) (Fig. 2A) . The WDIs for NP of test brown planthopper were much shorter (less than half the duration) as those of small brown planthopper, on both rice varieties. However, there were no differences among three pretest treatments of host plants for each combination of test planthopper species and rice variety. Lack of signiÞcance shows that both feeding-induced con-and heterospeciÞc effects did not affect the durations of nonpenetration by brown planthopper and small brown planthopper.
Pathway (N1 ؉ N2 ؉ N3). The WDIs for pathway phase were different among pretest treatments of host plant (F ϭ 9.31; df ϭ 2,316; P Ͻ 0.01) and between the test planthopper species (F ϭ 91.13; df ϭ 1,316; P Ͻ 0.0001), but not between rice varieties (F ϭ 0.06; df ϭ Fig. 2 . Effects of induced intra-and interspeciÞc interaction on waveforms of EPG generated by feeding behavior of brown planthopper and small brown planthopper on Shanyou 63 and Xiushui 11. Brown planthopper and small brown planthopper represent the test insect, and the arrows represent the intra-or interspecies interaction. Means (ϮSEM) with different letters within the same species and the same variety are statistically different (ANOVA followed by LSD test, P Ͻ 0.05).
1,316; P ϭ 0.81) (Fig. 2B) . The pretest treatments interacted with test planthopper species (F ϭ 5.98; df ϭ 2,316; P Ͻ 0.01). The WDIs of pathway for test brown planthopper were less than half the duration of those for test small brown planthopper on both rice varieties.
The results from the LSD test showed that, for both rice varieties, the WDIs for pathway phase for test small brown planthopper fed on plants pretest infested with brown planthopper were only 60 Ð 63% as long as pathway WDIs for small brown planthopper fed on relevant control plants or on plants pretest infested with small brown planthopper. However, the pathway WDIs for test brown planthopper were not signiÞcantly different among the three pretest treatments (Fig. 2B) . The results indicate that small brown planthopper received beneÞts from both feeding-induced con-and heterospeciÞc effects, but brown planthopper did not receive beneÞts. The correlation analysis showed that the numbers of salivary ßanges were signiÞcantly correlated with the WDIs for pathway (R 2 ϭ 0.8266; P Ͻ 0.01). Putative Phloem Salivation (N4-a). The WDIs for N4-a were different between the test planthopper species (F ϭ 15.15; df ϭ 1,316; P Ͻ 0.01), but not between rice varieties (F ϭ 0.04; df ϭ 1,316; P ϭ 0.84) or among pretest treatments of host plant (F ϭ 2.83; df ϭ 2,316; P ϭ 0.06). The WDIs for N4-a of brown planthopper were 30% longer than those of small brown planthopper. In addition, rice variety interacted with test planthopper species (F ϭ 30.48; df ϭ 2,316; P Ͻ 0.0001). The WDI of N4-a for brown planthopper on Xiushui 11 was 40% shorter than that on Shanyou 63, whereas N4-a durations for small brown planthopper on Xiushui 11 and Shanyou 63 were not different.
The results from the LSD test showed that the WDIs for putative phloem salivation by each test planthopper species were not different among pretest treatments within each combination (Fig. 2C) . Thus, putative phloem salivation for both small brown planthopper and brown planthopper were not affected by either feeding-induced con-or heterospeciÞc effects.
Phloem Ingestion (N4-b). The WDIs for phloem ingestion were different among the pretest treatments of host plant (F ϭ 10.20; df ϭ 2,316; P Ͻ 0.0001) and between the test planthopper species (F ϭ 51.29; df ϭ 1,316; P Ͻ 0.0001), but not between test rice varieties (F ϭ 2.74; df ϭ 1,316; P ϭ 0.10). However, test planthopper species interacted with rice variety (F ϭ 4.51; df ϭ 1,316; P ϭ 0.03) and pretest treatments (F ϭ 4.14; df ϭ 2,316; P ϭ 0.02). The WDI of phloem ingestion for brown planthopper was nearly 40% longer than that for small brown planthopper.
The results from the LSD test showed that the WDIs of phloem ingestion for test small brown planthopper on plants with brown planthopper pretest treatments were Ϸ50% longer than those on relevant control and small brown planthopper pretest treatment plants, for both rice varieties. However, the WDIs of phloem ingestion for test brown planthopper were not different among the three pretest treatments for either rice variety (Fig. 2D) . The results indicated that facilitation of phloem ingestion was asymmetrical, and small brown planthopper received more beneÞt from feeding-induced heterospeciÞc effect by brown planthopper than conspeciÞc.
Putative Xylem Ingestion (N5). The WDIs for N5 were different between the rice varieties (F ϭ 9.73; df ϭ 1,316; P Ͻ 0.01) and between test planthopper species (F ϭ 5.68; df ϭ 1,316; P ϭ 0.02), but not among pretest treatments (F ϭ 2.02; df ϭ 2,316; P ϭ 0.13). There were no interactive effects among the three factors. Duration per insect of N5 for brown planthopper was 26% shorter than that for small brown planthopper, and the overall N5 duration on Shanyou 63 was 47% longer than that on Xiushui 11.
The results from the LSD test showed that there were no signiÞcant differences among the three pretest treatments for all combinations of test planthopper species and rice variety (Fig. 2E) , which demonstrates that putative xylem ingestion durations for both small brown planthopper and brown planthopper were not affected by feeding-induced con-or heterospeciÞc effects.
Duration From First Probe to First Sustained Phloem Ingestion (N4-b >10 min). Mean duration from the beginning of the Þrst probe to Þrst sustained phloem ingestion per insect was different between rice varieties (F ϭ 24.70; df ϭ 1,402; P Ͻ 0.0001) and among pretest treatments (F ϭ 9.45; df ϭ 2,402; P Ͻ 0.0001), but not between test planthopper species (F ϭ 3.61; df ϭ 1,402; P ϭ 0.06). In addition, test planthopper species interacted with rice variety (F ϭ 3.89; df ϭ 1,402; P Ͻ 0.05). The duration from Þrst probe to Þrst sustained phloem ingestion per insect on Xiushui 11 was 35% shorter than that on Shanyou 63.
The results from the LSD test showed that the durations from Þrst probe to Þrst sustained phloem ingestion for test brown planthopper were not significantly different among the three pretest treatments on both varieties. In contrast, the durations from Þrst probe to Þrst sustained phloem ingestion for test small brown planthopper on both varieties pretest infested by brown planthopper were Ϸ50% shorter than those on control and 38% shorter than those on pretest infested by small brown planthopper plants (Table 1) . Thus, facilitation of the Þrst probe to Þrst sustained phloem ingestion was also asymmetrical, and small brown planthopper received beneÞt from feedinginduced heterospeciÞc effects of brown planthopper.
Effects of Treatments on Honeydew Weight. Figure  3 shows the weights of honeydew produced by test brown planthopper and small brown planthopper on the various treatments. Honeydew weight was different between test planthopper species (F ϭ 106.74; df ϭ 1,288; P Ͻ 0.0001) and among the pretest treatments of host plant (F ϭ 7.06; df ϭ 2,288; P Ͻ 0.01), but not between rice varieties (F ϭ 0.39; df ϭ 1,288; P ϭ 0.53). Although the rice variety interacted with test planthopper species (F ϭ 4.48; df ϭ 1,288; P ϭ 0.04) and test planthopper species interacted with the pretest treatment of host plants (F ϭ 3.92; df ϭ 2,288; P ϭ October 2013 CAO ET AL.: INTERACTIONS AMONG N. lugens, L. striatellus AND RICE0.02), only the honeydew weight of small brown planthopper was related to the pretest feeding effects by brown planthopper on both varieties. The honeydew weights of test small brown planthopper that fed on the host plant pretest infested by brown planthopper were Ϸ45% higher than those fed on the relevant control plant and Ϸ30% higher than those on the plant pretest infested by small brown planthopper, both rice varieties (Fig. 3) . These results show that honeydew weight of small brown planthopper was signiÞcantly increased by feeding-induced heterospeciÞc effects, but honeydew weight of brown planthopper was not affected.
Summary of Results.
The three factors were combined together to achieve three possible interactive effects for each combination of planthopper species and host plant variety: 1) induced intraspeciÞc interaction, that is, the same planthopper species was used for both pretest infestation and test EPG recording (feeding-induced conspeciÞc effect); 2) induced interspeciÞc interaction, that is, two different planthopper species were used: one for pretest infestation and the other for test EPG recording (feeding-induced heterospeciÞc effect); and 3) control, that is, healthy rice plants without any previous infestation. All the three interactive effects were compared for each combination of planthopper species and host plant variety in all the experiments.
The numbers of salivary ßanges of test brown planthopper and small brown planthopper that were recorded on plants pretest infested by brown planthopper or small brown planthopper, respectively, were lower than those fed on the relevant control plants. There were no signiÞcant differences in ßange numbers between the two pretest treatments (i.e., induced conspeciÞc and heterospeciÞc interactions) for test brown planthopper fed on both rice varieties. However, the numbers of salivary ßanges of test small brown planthopper on host plants pretest infested on by brown planthopper were lower than those on either rice variety pretest infested on by small brown planthopper. This Þnding revealed that the numbers of salivary ßanges for small brown planthopper and brown planthopper were affected by both feedinginduced con-and heterospeciÞc effects, but small brown planthopper received more beneÞts of heterospeciÞc effects than did brown planthopper.
In addition, the durations of pathway (N1 ϩ N2 ϩ N3), phloem ingestion (N4-b), and from Þrst probe to Þrst sustained phloem ingestion, as well as honeydew weights, were different among the three pretest treatments, whereas the factor of pretest treatment interacted with rice variety and/or test planthopper species. The results indicated that these four aspects of feeding behavior for test small brown planthopper fed on host plants previously fed on by brown planthopper were different from those of the other two pretest treatments for each variety. Thus, these variables were only affected by feeding-induced heterospeciÞc effects for small brown planthopper test feeding.
The WDIs for NP, putative phloem salivation (N4-a), and putative xylem ingestion (N5) were not signiÞcantly different among the three pretest treatments, for each combination of planthopper species Means (ϮSEM) with different letters within the same test planthopper species and the same rice variety are statistically different (ANOVA followed by LSD test; P Ͻ 0.05). Fig. 3 . Effects of induced intra-and interspeciÞc interaction on honeydew weights of brown planthopper and small brown planthopper on Shanyou 63 and Xiushui 11. Brown planthopper and small brown planthopper represent the test insect, and the arrows represent the intra-or interspecies interaction. Means (ϮSEM) with different letters within the same species and the same variety are statistically different (ANOVA followed by LSD test, P Ͻ 0.05). and rice variety. However, the WDIs of nonpenetration and putative xylem ingestion for brown planthopper were shorter than those for small brown planthopper; the WDIs of putative phloem salivation for brown planthopper were longer than those for small brown planthopper. The WDIs of putative xylem ingestion for both test planthopper species fed on Shanyou 63 were longer than those on Xiushui 11, whereas that of putative phloem ingestion for brown planthopper fed on Shanyou 63 was longer than brown planthopper fed on Xiushui 11. These results revealed that the WDIs for nonpenetration, putative phloem salivation, and xylem ingestion were related to planthopper species, rice variety, as well as interaction between planthopper species and variety, but not feeding-induced con-and heterospeciÞc effects.
Discussion
Previous studies show that the characteristic EPG waveforms for all three rice planthoppers studied to date are similar, although quantiÞcation of certain waveforms varies among the three species (He et al. 2011) . Like our previous article comparing brown planthopper and white-backed planthopper , the current study compared effects of feedingmediated interactions on feeding behavior of brown planthopper and small brown planthopper. To understand feeding and interaction effects on all three species, the present article will compare and contrast the results of both studies, to draw conclusions about all three planthopper species.
Feeding Ability Among Three Species. Generally speaking, when planthoppers feed on a preferred host plant, time from start of penetration to the Þrst phloem ingestion (N4-b) waveform is shorter, the mean duration of phloem ingestion per insect is longer, and honeydew weight is higher, when compared with feeding on an unpreferred host plant (Seo et al. 2010 , Ghaffar et al. 2011 ). Previous comparative studies on feeding behavior show that brown planthopper is the strongest sap feeder with longest phloem ingestion durations and more honeydew excretion among the three rice planthopper species (Huang and Feng 1993, He et al. 2011) . The current study showed that duration of phloem ingestion of brown planthopper was signiÞcantly longer, and almost all other response variables were shorter/lower, than those of small brown planthopper. In contrast, duration of phloem salivation of white-backed planthopper was shorter, but phloem ingestion was not signiÞcantly different from brown planthopper (Table 2) . Because honeydew weights of brown planthopper were greater than those of white-backed planthopper and small brown planthopper, we suspect that cibarial pumping volume per unit of time is greater for the larger-bodied brown planthopper compared with white-backed planthopper and small brown planthopper (Table 2) . Thus, our results further conÞrmed that brown planthopper was the strongest feeder, but also showed that small brown planthopper was the weakest feeder among the three species on the chosen rice varieties, with white-backed planthopper intermediate between the two. These phenomena are consistent with the respective body sizes of these planthoppers. Thus, all the results show that planthopper species with higher feeding ability, especially brown planthopper, can induce higher intraspeciÞc effects, as well as higher interspeciÞc effects, under the same density level (Cheng et al. 2001 , Lv et al. 2011 , Wang et al. 2012 .
Feeding on the Two Rice Varieties. Our studies expanded on previous work by comparing all three rice planthopper species on two rice varieties. Results showed that Xiushui 11 was the more preferred rice variety when brown planthopper and white-backed planthopper were considered together . Likewise, when brown planthopper and small brown planthopper were considered together, Xiushui was again the preferred variety (current study). These phenomena might be related to the combinations of planthopper species and rice varieties used. Xiushui 11 is susceptible to brown planthopper and small brown planthopper, but exhibits medium resistance to white-backed planthopper. Directly opposite, Shanyou 63 is susceptible to white-backed planthop- 
"Ͼ" represents signiÞcantly longer or more; "Ͻ" represents signiÞcantly shorter or less; "Þ" represents not signiÞcantly different. a Cao et al. (2013 per, but exhibits medium resistance to brown planthopper and small brown planthopper. However, white-backed planthopper received more facilitative effects from brown planthopper when the brown planthopper and white-backed planthopper coexisted on Xiushui 11; brown planthopper and small brown planthopper received fewer beneÞts from whitebacked planthopper when brown planthopper or small brown planthopper coexisted with whitebacked planthopper on Shanyou 63 (Cao 2013) . Facilitative Interaction Effects From Pretest Feeding. We summarize the results of both of our studies (Cao et al. 2013 and present) in Table 3 . Cao et al. (2013) showed that the number of salivary ßanges, durations of pathway and phloem ingestion, as well as the duration from Þrst probe to Þrst phloem ingestion for both brown planthopper and white-backed planthopper were signiÞcantly facilitated by both feedinginduced con-and heterospeciÞc effects. In contrast, honeydew weight was only facilitated by feedinginduced heterospeciÞc effects for white-backed planthopper . Our current study showed that only the number of salivary ßanges for brown planthopper and small brown planthopper could be signiÞcantly facilitated by both feeding-induced conand heterospeciÞc effects. The duration of pathway, phloem ingestion, duration from Þrst probe to Þrst phloem ingestion, and honeydew weight were only facilitated by feeding-induced heterospeciÞc effects for small brown planthopper, not for brown planthopper. Thus, when brown planthopper and whitebacked planthopper coexisted early or late, the facilitative effects were two-way and reciprocal, but asymmetrical. In contrast, when brown planthopper and small brown planthopper coexisted early or late, feeding behaviors of small brown planthopper were facilitated by feeding-induced effects from brown planthopper, but brown planthopper received no beneÞt from small brown planthopper; thus, facilitation was strictly one-way (Table 3) . Therefore, unlike interspeciÞc competition, herbivores can beneÞt each other through plant-mediated indirect effects at low population levels of herbivorous insects (Ohgushi 2005) .
Oddly, conspeciÞc facilitation may or may not occur for brown planthopper, because our results from induced intraspeciÞc interactions by brown planthopper differed between the studies. Durations of pathway, phloem ingestion, and from Þrst probe to sustained ingestion showed conspeciÞc facilitation in our earlier study , but none in the current study. This is because these feeding durations for brown planthopper on control plants were significantly higher than on pretest infested plants in the Þrst study, but not in the second study. This disparity, however, shows that facilitative effects from feedinginduced interactions among planthopper species are likely highly inßuenced by plant condition and chemistry.
Other studies have shown that feeding-induced facilitation of feeding behavior and performance is related to chemical changes in host plants (Zhao et al. 2000 , Liu et al. 2002 . In particular, the concentrations of amino acids in host plants pretest infested on by brown planthopper at the same experimental density is higher than those in host plants pretest infested by white-backed planthopper, which in turn is higher than those in control host plants (Zhao et al. 2000) . These Þndings suggest that changes in amino acid proÞles in host plants are likely caused by feeding activities of planthoppers. Despite being infested with fewer insects for shorter infestation periods in our current study, chemical changes were likely induced in our pretest-infested rice plants by the feeding activities of our planthoppers. Brown planthopper, as an aggressive planthopper species with stronger feeding ability and higher fecundity than white-backed planthopper and small brown planthopper, may stimulate more changes of chemicals in host plants and may provide more facilitative effects compared with the less aggressive planthopper species (Zhao et al. 2000 , Liu et al. 2002 , Økland et al. 2009 , Cao 2013 . A preliminary study revealed that the pathways related to synthesis and metabolism of amino acids might be 
"⅙" represents no effect; "ϩ" represents facilitation. a Cao et al. (2013) . b Present study.
directed involved in the process, but more detailed research is needed (Cao 2013 ). Our laboratory-based feeding-induced effects probably did not cause serious reduction of nutrition for test planthoppers. This is because neither our previous study comparing brown planthopper and whitebacked planthopper nor our current study of brown planthopper versus small brown planthopper shows any adverse effects on longevity or fecundity of female adult planthoppers feeding on healthy plants or plants previously fed on by conspeciÞcs for all three species.
Previous studies of planthopper performance reveal that shorter development time of female nymphs, higher emergence rate, prolonged longevity of female adults, and higher fecundity of females are observed for rice plants previously infested by heterospecies, compared with both control rice plants and plants previously infested by conspeciÞcs; however, this was not the case for brown planthopper. Feeding-induced interspeciÞc interactions between brown planthopper and small brown planthopper are asymmetrical, thus more beneÞts occurred for small brown planthopper from brown planthopper-induced effects than the reverse (Lv et al. 2011 , Wang et al. 2012 . Our results from the current study were consistent with the results on performance previously cited, which reconÞrmed that planthoppers could beneÞt each other through plant-mediated indirect effects at low density levels. The aforementioned studies also led to the hypothesis that the plant-mediated facilitative effects on performance of rice planthoppers were mainly caused by effects on feeding behavior and honeydew excretion. Our present and previous ) studies strongly support this hypothesis. We also suggest that the mechanisms underlying plant-mediated interaction between rice planthoppers are likely related to alter nutrient status and induced allelechemistry detected by the insects during their feeding (Ohgushi 2005, Denno and .
Results from both of our studies also revealed that feeding-induced interactions between planthopper species depended in part on host plant variety. In the current study, Xiushui 11 was the preferred variety for both brown planthopper and small brown planthopper when the latter two species coexisted. In the previous studies, when brown planthopper and whitebacked planthopper coexisted on Xiushui 11, whitebacked planthopper received more beneÞts from brown planthopper through induced interspeciÞc effects (Cheng et al. 2001 , Lv et al. 2011 .
Because the interactions between planthoppers and rice plants are affected by many related environmental factors, feeding behavior studies of only a single insect species on a rice seedling might not represent actual performance in a paddy Þeld (Horgan 2009 ). Classical competition theory predicts that two species cannot occupy the same niche and coexist; their coexistence could only be achieved through divergence in resource use. However, Þeld investigations show that the three planthopper species have differentiated their temporal, spatial, and nutritional niches to reduce density-dependent competition, thus increasing the possibility of interspeciÞc facilitation in the evolutionary process (Zhao et al. 1991 (Zhao et al. , 2000 Denno et al. 1995; Zhou et al. 2000; Cheng 2009 ). Brown planthopper and small brown planthopper co-exist in the same Þelds in the Yangtze Delta area of China with different developmental and distribution patterns. For example, small brown planthopper overwinters locally and moves to rice Þelds after transplanting, around early June, and usually lives in the upper parts of rice plants. In contrast, brown planthopper is not able to overwinter in the area, but migrates into rice Þelds around mid-July from southern China; it usually lives in the lower part of rice plants. Small brown planthopper does not tolerate high temperatures during summer, so its population development pattern shows two peaks around July and October. Brown planthopper population development pattern shows one peak around late September in a single rice cropping season. Therefore, yield losses that are caused by high populations of small brown planthopper during the earing stage in October probably result from high populations of small brown planthopper enhanced by indirect facilitative effects from high brown planthopper populations in late September (Liu et al. 2007b , Wang et al. 2007 .
It has been known for many years that interactions between plants and insects depend on two reciprocal responses: host plant selection by insects and the chemical defenses of their host plants to those insects. Only more recently have studies begun to interweave the effects of other insects feeding on the same host plant. Such interspecies interactions can select for trait changes widely and in complex ways in an ecological community. There is no doubt that the role of trait changes induced by feeding on plants is important in the ecology and evolution of all ecosystems, including agroecosystems. All interactions are the coevolutionary outcomes of a variety of inßuencing factors. Facilitation, as well as competition, of interspeciÞc interactions must propagate from both the bottom and top of trophic webs, in a community-wide perspective . Mechanisms of induced interspeciÞc interactions might be independent of major resistance genes and act secondarily to constitutive defenses. Nonetheless, their importance in evaluation of resistance to rice planthopper species should not be overlooked. Induced interspeciÞc interactions between brown planthopper and small brown planthopper demonstrate that planthopper surveillance and management program should be aimed at the community level, not species level.
